AMENDMENT UNDER 37 C.F.R. § 1.1 16 
U.S. Patent Application No.: 09/580,523 



Attorney Docket No.: A7483 



REMARKS 

Claims 109-124 are all the claims pending in the application. 

The Examiner is thanked for conducting a telephonic interview on April 27, 2006 in 
order to try to find language to overcome the 35 U.S.C. § 1 12 rejections. As a result of the 
interview all previous claims have been cancelled, and new claims 109-124 are presented for 
consideration. Also, submitted herewith is a Statement of Substance of Interview, summarizing 
the interview in more depth. 

New claims 109 - 1 13 are directed to an isolated polypeptide comprising at least amino 
acids 103-123 of SEQ ID N0:1, wherein serine-1 18 is replaced by alanine or glycine, and to 
isolated polypeptides that have various degrees of sequence identiy with SEQ ID NO: 1, but 
wherein amino acids 103-123 are not changed, other than by replacing serine-1 18 with alanine or 
glycine. 

Support for these claims is found in canceled claims 89-94 and in the specification at 
page 76, lines 13-17 and page 45, lines 13-16, 

New claims 114 - 1 1 8 are directed to an isolated polypeptide comprising at least amino 
acids 106-132 of SEQ ID N0:1, wherein serine-1 18 is replaced by alanine or glycine, and to 
isolated polypeptides that have various degrees of sequence identiy with SEQ ID NO: 1, but 
wherein amino acids 103-123 are not changed, other than by replacing serine-1 18 with alanine or 
glycine. 

Support for these claims is found in canceled claims 99-104 and in the specification at 
page 76, lines 13-17 and page 45, lines 13-16. 
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New claims 1 19-124 are directed to an isolated polypeptide comprising (claims 119-121) 
or consisting of (claims 122-124) SEQ ID NO: 1, wherein serine-1 18 is replaced by alanine or 
glycine. 

Support for these claims is found in the specification at page 9, lines 4-18 and page 76, 
lines 13-17. 

Accordingly, no new matter is added. 

Further, it is believed that the claims so clearly overcome or avoid the rejections below, 
that no new issue of patentability arises. 

Accordingly, entry and consideration of the amendment is requested, respectfully. 

I. Claim Rejections Under 35 U.S.C § 112, First Paragraph - New Matter 

At pages 2-4 of the Office Action, claims 80-83, 85-93, 95-103, and 105-108 were 
rejected under § 1 12, first paragraph, for failure to meet the written description requirement. 

Specifically, the Examiner asserted that the phrase "an amino acid conservative for 
alanine" is not described in the specification, and, thus, constitutes new matter. 

The new claims do not recite the alleged new matter. 

Instead, the new claims recite that serine-1 1 8 can be replaced with glycine. The 
specification at page 76, lines 13-17 makes clear that the inventors contemplated that serine-1 18 
could be replaced with glycine. 
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II. Claim Rejections Under 35 U.S.C. § 112, Second Paragraph - Indefiniteness 

At page 4 of the Office Action, claims 81-108 were rejected under 35 U.S.C. § 1 12, 
second paragraph. 

In particular, the Examiner asserted that recitation of the "position corresponding by 
sequence alignment with SEQ ID N0:1 to position 118 of SEQ ID N0:1" is indefinite. 

The new claims do not use the phrase alleged to be indefinite. 

III. Claim Rejections Under 35 U.S.C. § 112, First Paragraph - Written Description 

At pages 4-13 of the Office Action, claims 81-108 were rejected under 35 U.S.C. § 1 12, 
first paragraph, for failure to meet the written description requirement. 

A. Sequence Alignment 

The Examiner asserted that the specification discloses the results of sequence alignment, 
but does not define sequence alignment. 

The new claims do not recite the subject matter in terms of sequence alignment. 

B. Variant BH3 Domains 

The Examiner asserted that the art does not teach which and/or how many amino acids of 
the BAD BH3 region actually could be substituted, added, or deleted, without affecting the cell 
death promoting activity of dephosphorylated BAD. Thus, the Examiner concluded that the 
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polypeptides described in the specification are not representative of the scope of variant 
polypeptides encompassed in the claims. 

The new claims do not recite homology to the BH3 domain. 

In this respect, the specification discloses, by analogy to the murine BAD, that in vitro 
cell death promoting activity is observed v/hcn serine- 1 1 8 is replaced with alanine (Example 2, 
especially pages 76-77) or a non-phosphoralatable mutant serine in a full-length BAD. The 
specification further demonstrates, again by analogy to the murine BAD, that a polypeptide 
comprising amino acids 103-123 of SEQ ID NO: 1 is sufficient at least to allow binding to Bcl- 
Xl (Example 2, especially the paragraph bridging pages 76 and 77). 

In addition, Moreau et al., J. Biol. Chem., Vol. 278, No. 21, pages 19426-19435 (2003) 
(copy submitted herewith) shows that amino acids comprising the BH3 domain (108-123) 
compel cells to undergo apoptosis. The BAD BH3 domain peptide is shown in the Materials and 
Methods section. See under the title peptides and recombinant proteins, page 19427. The results 
are shown in Figure 5 b. In the description section it is clearly stated at the bottom of page 
19431 (left panel) that "BadBH3 alone . . . induced . . , apoptosis." This is reiterated in the 
introduction (upper left panel page 19427), wherein it is stated that "these 16 residues contain 
sufficient information to bind to and ftinctionally antagonize Bcl-XL and to induce specifically 
Bax/Bax-mediated apoptosis." 
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Furthermore, the specification suggests that glycine can safely be substituted for serine- 
1 18. ( page 76, lines 13-17). See also Bordo et al., J. Mol. Biol., Vol. 217, pages 721-729 (1991) 
(copy submitted herewith), which shows that glycine or alanine can safely be substituted for 
serine in other proteins. In particular, see Figure 1 (b) and (c) and Figure 2 of Bordo et al., which 
show that glycine or alanine is a safe substitution for serine, because such substitution provides 
the least likely possibility of disturbing the protein structure and is most likely to allow probing 
of structural and functional significance (see, left panel, 2""* paragraph on page 727). 

C) BcI-Xl and Bcl-2 binding 

At pages 12 and 13 of the Office Action, the Examiner noted that although the remarks in 
the November 22 Amendment indicate that the recitation of Bc1-Xl and Bcl-2 binding has been 
deleted from the claims, these deletions were not made. 

The new claims do not recite Bc1-Xl and Bcl-2 binding activity. 

IV. Claim Rejections Under 35 U.S.C. § 112, First Paragraph - Enablement 

At pages 13 and 14, claims 81-108 were rejected under 35 U.S.C. § 1 12, first paragraph, 
for lack of enablement. 

The issues raised by the Examiner in the enablement rejection are essentially the same as 
those raised in the written description rejection, discussed above. Thus, Applicants believe that 
the response to the written description rejection overcomes the enablement rejection. 
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V. Rejections Under 35 U.S.C. § 102 - Anticipation 

At pages 15 and 16 of the Office Action, claims 81-108 were rejected under 35 U.S.C. § 
102(e) as being anticipated by US Patent No. 5,965,703. 

Specifically, the Examiner asserted that because the term "the amino acid at the position 
corresponding by sequence alignment to position 118 of SEQ ID NO: 1" is not defined by the 
specification and because one cannot determine which amino acid is the reference point for 
sequence alignment in the claims, any amino acid could correspond by sequence alignment to 
position 1 1 8 of SEQ ID NO: 1 . Thus, the Examiner concluded that the present claims encompass 
wild-type human BAD. 

The new claims do not use sequence alignment language and clearly indicate that a 
particular amino acid, serine-1 18 in a defined sequence, SEQ ID N0:1 or residues 103-123 or 
106-132 of SEQ ID N0:1, is replaced. 

In view of the above, reconsideration and allowance of this application are now believed 
to be in order, and such actions are hereby solicited. If any points remain in issue which the 
Examiner feels may be best resolved through a personal or telephone interview, the Examiner is 
kindly requested to contact the undersigned at the telephone number listed below. 
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The USPTO is directed and authorized to charge all required fees, except for the Issue 
Fee and the Publication Fee, to Deposit Account No. 19-4880. Please also credit any 
overpayments to said Deposit Account. 

Respectfully submitted, 



SUGHRUE MION, PLLC 
Telephone: (202) 293-7060 
Facsimile: (202) 293-7860 

WASHINGTON OFFICE 

23373 

CUSTOMER NUMBER 





Susan J. Me 
Registration No. 30,951 



Date: May 26, 2006 
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The conserved topologioal structure observed in various molecular faitiilies 8uch as gJobins 
or nytochronnes c allows structural equivalencing of residues in every homologous structure 
and defines in a coherent way a globai alignment in each sequence family. A search was 
performed for equivalent residue pairs in various topological families that were buried in 
protein cores or exposed at the pi*ot*ein siurface and that had mutated but maintained similar 
un mutated environments. Amino acid residues with atoms in contact with the mutated 
residue pairs definexl the environment. Matrices of preferred amino acid exchanges were then 
constructed and preferred or avoided amino acid substitutions deduced. Given the 
conserved atomic neighborhoods, such natural in vivo substitutions are subject to similar 
constraints point mutations performed in site-directed mutagenesis experiments. The 
exchange matrices should provide guidelines for "safe" amino acid substitutions least likely 
to disturb the protein structure, either locally or in its overall folding pathway, and most 
likely to allow probing of the structural and functional signific-ance of the substituted site. 



L Introduction 

Sit<'--directed mutagenesis has become a very 
important and yet facile tool to explore the struc- 
tural and functional significance of . particular 
residues within proteins (for example, see Knowles, 
1987; 8haw. 1987; Oruetter et qI,\ 1987). A tyi)ioal 
exporiment would involve substitutions of an amino 
acid thought to be esscjitial for catalysis and then 
astfiaying the resultant variant for activity. It is 
central to the success of these experiment-a that 
disturbance of the protein fold and st^ructural 
characteristics, locally as well as globally, be kept to 
a minimum; otherwise the loss of activity, for 
instancx*.. would he a i-esult of conformational 
changes and the excliaiiged residue be improperly 
identified as catalytic. Residue substitutions, where 
the latter situation does not occur, can be con- 
sidered as *'safe'\ 

Natural evolution has "engineered" protein struc- 
tures hy n\odj tying certain molecular properties 
such as substrate speijificity or surface charges and 
yet conserved the global protein topology. By 
comparing known conserved three-dimensional pro- 
tein structures it i« jkjssible to glean hints about 
how this process was performed (Lesk k Chothia, 



1980, 1982; Chothia & Lesk, 1986; Bashford et al,, 
1987); rules obtained in this way are useful for 
designing site-directed mutagenesis experiments. 
Protein engineering in the laborat-oiy often faces 
similai' trials. For example, suppose that charges on 
a prottiin surface are to be altemd to construct a 
cation binding site. Which amiiio acids near the 
surface would be safer io substitute to achieve the 
desired charge configuration? 

In this work residue exchange matrices are calcu- 
lated that represent point mutational preferences as 
ob&erved in homologous and known three- 
dim etisional protein structures. Alignments of 
primary sequences detei'mined from spatial super- 
position of the main-chain and taken from nine 
molecular famiiie-s allowed identification of structur- 
ally equivalent residues in each of the familial 
sequence sets. A search was tlien performed for 
equivalent residues that had mutatxid but main- 
trfiined similar unmutated environments defined by 
the^se atoms in contact with the central residue 
pairs. fSnch point mutations as observed in knowi^ 
t.ertiary structures ai-e likely to be, with present-day 
knowledge, the closest possible mimic of i7i idvo site- 
direoted mutagenesis. 

Residue exchange statistics and their significance 
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were delermined for all the structural equivalents in 
the various molecular families. The preferred and 
avoided substitutions were elicited fi-om three struc- 
tural contcxt-s: buried residues, amino acids exposed 
beyond some water-accessible surface area thres- 
hold, and then all cases regardless of accessible 
state. These exchange matrices should provide con- 
siderable aid in the difficult process of deciding 
which residue to exchange and then wiUi which 
amino acid it should be substituted to maintain 
protein structural integrity. The preferred 
exchanges are also discussed in terms of residue, 
physicochemioal characteristics. 



2. Data and Methods 

(a) Aii^tifd slnicturca 

Aligned sequence sets wortj taken from 9 molecular" 
families; globinu, immunoglobulins, eytofthromes c, serine 
pi-Qteaacs, subtili^ins, calcium binding proteins, acid 
proteases, toxins, and virus capsid proteins. The totaJ 
number of sequences, each with known 3*<limensional 
structure as contained in the 1989 Biookhaven databa8f^ 
collection (Bernstein et al, 1977), waa 5o. Table 1 lists 
their database code identification, protein name, Bpe.t:ics, 
reference for the 3-diinensionai structurt>, and, where 
present, reference in which the alignment of the familial 
Hcquences usedbere was determined. The alignments were 
generally achieved by vArcfut examination of the X-ray 
crj'stallographic structures couplwi with spatial suiter- 
position of the main-chain C* atoms (Rossmann &. Argos. 
1981). In 3 cases (calcium binding proteins, acid proteases 
and toxins) structui-es wcit; superimposed by the pi-esent 
authors using the technique of Rossmann & Argtjs 
[Rosamann & Argos, 1976, !977; Argos & Rossmann, 
1979). Due to the increasing number of solved prot-cin 
structures, many of those used in the present work 
extracted from the 1989 release of the Brookhaven data- 
base were not included in the references sliowing the 
familial alignments. These further sequences, indicated by 
an asterisk in Table 1, wei*e aligned by the authoi's to the 
closest family member in both sequence and structuro. 

When considering statistics for buried residues (solvent- 
accessible surface area below an upper limit), both 
constant and variable domains went utilised from the 
immunoglobulins. However, the variable regions were 
excluded from the exchange matrix statistics involving 
surface -exposed amino acids, since large segrncntH of the 
variable domain loops bind antigens and therefore arc 
subject to special constraints. For a similar reason, side- 
chains contributing to subunit interface or w>factor 
contacU were not included in the substitution 
calculations. 



(b) Similarity of eimronment 

In a previous paper, Bordo & Argos (1990) carefully 
defined a measure of similarity (see S" as given by them in 
eqns (3) and (3)) between 2 atomic environments 
surrounding stnictu rally equivalent residues. The same 
measure is UHcd here. An environment or neighborhood 
for a I'csidue (c4llle<^ a centra! residue) is defined by the 
number of atoms and amino acid types that are within 
4'6 A (lA»0'lnm) of any side-chain atom in the 



surrounded residue. The similarity score S is expmwDd as 
a fraction and ts deliiied as: 



The denominator is simply the maan number of atoms 
belonging to resi<luea present in at least 1 of th« 2 environ- 
ments [bf — main-chain atoms, .vj ^ side-chain atorn^). The 
meaii refers t<» the 2 sets of atoms in each of the 2 
enviroiunents. The numerator is the sum of the mean 
number of all main- chain atoms by the 2 environmentKS 
regardless of the mutational state of the equivalent neigh- 
borhood residues plus the in«an number of side-chain 
atoms from residues that touch at least 1 atom of the 
mutated central residuea (i.e. within 4*5 A). The t-erm 5; is 
0 if the tth residue is mutated and 1 if identically 
consei-ved, J^, is over all ie:sidues that touch at least I of 
the ccjitral residues. Theittfore, similarity of 2 environ- 
ments will be diminished only if there are mutations in 
the equivalent cnvironment-al residues. That is, if struc- 
turally equivalent residues forming the neighborhood of a 
(tentral residue in 1 protein strueture are conserved in the 
other structuiv, despite their absence in the neighborhood 
of the equivalent central residue in the latter structure, 
the similarity score is not decre-ased. This allows for cases 
whei^ contacts made by the substituted central icsidue 
with its neighbors change only in consequence of its 
change in size and shape. l?or instance, environmental 
residues can move considerably to accommodate a small 
residue changing to a large one. Though the side-chains m 
contact with the larger residue ar-c not in contact with the 
small one, they are nonetlieless available; without 
mutation to make contact as ne^^itated by tlie substi- 
tuted residue. Water-accessible surfaces of the combined 
main-chain and side-chain for each i-esidue was caltnilated 
by the prooedum of Kabsch & Sander (198S). 



(c) Stalisijcal significance of exchanges 

Counts wei-e macie for every observable substitution of 
central residu^w with similar neigh borl u)od at a pre.$et 
similarity threshold. To give statistical siguifiimnce to 
these figurtjs, a comparison between observed and 
expected number of substitutions was performed under 
the followim^ hypothesis. Consider a fiool of N amino 
acids. N^JlfUi (i- 1 to 20), where the ith amino acid 
type appears n{ times. The exchange i-^j is a directed 
replacement of the amino acid i with the amino acid (e.g. 
Ala -+ Asp) and substitution /— ; refei-s to either or 
j-^i (e.g. Ala -» Asp or Asp -♦Ala). Tliere aiv. A^(/Y— I) 
possible exchanges in the pool, of which Y>i^t{^i~^^ ***^' 
between residues of the same kiml. Therefore, 
A'' — i^(A^— 1) — ^jti,(7i,— I) is the number of [tosstblc 
exchanges involving pairs of diffei^ent re^jidues. tSince thu 
observed mutations refer to i)nly substituted residuKS, N\ 
and not represents the pool of available; exchanges. 
The probability pt^j is then given by ninjN\ and the 
probability to observe a substitution j;,.^ becomes: 

jU^j^27ii7ij/N\ (2) 

Given a total number of X observed substitutions; the 
expected numlwir of substitutions n^.^ is therefore Xpi.j- 
The population Uf (i — 1 t^) 20) was calculated in the 
following mannei'. Given a set of strutttuiully aligned 
sequenwjs for a particular molecular family, each align- 
ment column would generally contain several amino aeid 
types. Tlie count for the population % (» = 1 to 20) was 
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Table 1 

Tertiary struciurcif umt in tkia idotIc 



Kanilly 



BHKt 



Origin 



Structure reffiTOnw 



Hemoglobin 



riumuitof^lobuliiis 



Cytoohrumt!.-* c 



Subtilising 



Acid proteasefi 



To.Ninfi 



Viruses 



4HHn 


Hemoglobin 


Hiimnn 


mm\ 


Hftiiioglobin 


Et^uinc 


IFDH 


Oaxnjiia f;lobin 


Human 


)MI)I> 


Myogtubin 


Whale 


1 M Bf> 


Myoglobin 


j;oal 


2LHB 


Hciiiuglobin V 


Sea lamprey 


I ECA 


Erythrocioiorin 


Chirofutmons 


2LH1 

IS 


Lt'^hcruo^lobin 


.nptn 




FAB Kol 


Human 


IFBJ 


FAli IgA 






Fclggt 


Hutnan 




Kc 


Human 


1102 


hV, Kol 


Human 




FAB 


Mouse 


IPFC: 


FC! IggI 


Porcine 


JKKi 


FAB Bon ec- J onus 


Human 


2KHK 


FAB Bcnce-Jontw 


Human 


3FAU 


FAB New 


Human 


2HFL 


FAB IggI 


Mouse 


IFIO 


FAB 


iMouse 


1550 


Q)'Lofibrome rOGO 


Paracvccus D 


3C2C 


Cytocbromft rt2 




40YT 




Bonito fish 


lOVO 


Ferrocyt<pehivme c 


Tuna fish 




Cy(.Oohrort)e c 


Rice 


4510 


Cytochrome rSSl 


P,teiidoni07ias A 


2SGA 


Proteinase A 




3SGB 


Protoinase B 




2 A LP 


Alpha-lytic pro1<?a*>e 


LysobucJcr E. 


40HA 


Alpha chymotr>'psin 


Bovine 


\\yYi\ 


Bet, A tr^'psin 


Bo vino 


2TRM 


Trypsin 


Rat 


nx:)N 


Tonin 


Rat 


2KAI 


ICallikrciii 


Porcine 


ISGT 


Trypsin 


Sirtpiofnycctt (J 


3EST 


ElastA&e 


Porcine 


8RP2 


MoKt fiftll protease 


R«t 


ISBT 


^uht>i}i»iM 


B. amyhliqxie- 






Jacctims 


2PRK 


ProtoiiJiisf K 


Fungus 




Subtilisin Karlsberg 








3CLN 


C^lniodulin 


Rat 


3CPV 


C^- binding 


C'-arp 




parvA,lbumin B 




3K;b 


Oa- binding prot-cin 


Buvine 


4TNC 


Tt-oponin C 


Chicken 


2APP 


Peniciltopcipsi;) 


Finigu8 


2APR 


Rhizopuspcfjsin 


Mold 


4APE 


EndoUi iapepsi n 


Fungus 


ICTX 


Alpha cobr&toxin 


C-obra 


INXB 


Neurotoxin B 


^Jea snake 


2ABX 


Alpha bugarotoxin 


Krait 


2TIJV 


Tomato bushy stunt 


V'inis 


4.SHV 


Southern bean mosaic 


Virus 


2STV 


Satellile tobacco nccr. 


Virufi 




Mengo 


Virus 


4nav 


Rhino 


Virus 



Fermi ei al (IW) 
Ladner </ al. (1977) 
Frier ftPeruU (1977) 
Phillips (1980) 
iJcouloudi & Backer (1978) 
Hendrickson Hal. (1973) 
♦Steigenuvnn A- Weber (1079) 
Vainshtvin t/ (t/. (1077) 

Marquart€( al (1080) 
Nrtvia ci al. (1070) 
Deisenhofer (lOHl) 
Bciscnhofer {H)81) 
Marquait Hot. (J980) 
«egal et ai (1974) 
Bryant c/ al. (1985) 
Hpi^Hal. (1975) 
Kurey ei <d. (1983) 
Siiul c£a/. (1078) 
ShcrifT al. (1987) 
La.^combc et<fl. (1989) 

Timkovich & Dtokerson (1976) 
Salemme d at, (1973) 
Takano & Dickerson (IflSO) 
Tanakac/ al. (1975) 
Ochi f.i (it. (1983) 
Mat^uura et ul (1982) 

Moult d al. (1985) 
Re4id el al (11)83) 
Fujinaga f t al. (1985) 
Taukada & Blow (1985) 
Marquart Hal (1983) 
Sprang ci al (1987) 
Fujinaga & Jamt's (1987) 
Bode ci al (1983) 
Read & James (1988) 
Meyer c/ ar (1988) 
Remington fi al, (1988) 

Alden et al (1971) 

Paehlei^ al (1984) 
Bode c/ a/. (1987) 

Bi\bi\«l.al (1988) 

Moews & Krotainger (1976) 

Szebenyi & Moirat (1986) 
iSatyshur ct al (1988) 

Janu-A- A Sielecki (1983) 
Sugunac/ tii, (1087) 
Peurl & Blundcll (198'l) 

Walkinshaw fi.tai. (1980) 
TseniDglou <!i al (1978) 
Ix)ve & Stroud (1980) 

Hopper (I al (1984) 
«ilva &. Rossmonn (1985) 
Jones & Uljus (19H4) 
Luof/a/. (1087) 
Arnold & Rossmaiui (1988) 



I.e,sk Chothia (1980) 



Amzel & Poljak (1979) 



Diekorson (1980) 



Craik et al. (1983) 



Froemnicl & Sandvr 
(1089) 



Rossnumn et al (1983) 



UwHtd. (1987) 
Luoe/ ai. (1087) 



t The column labeled BRK gives the Brookbaven database entry name (Bernstein d al, 1977). 

t Rcferoncfts showing structural Recjuenc^ alignments used in this work. An a«t4».risk refers to Uie cn^es where the structural alignmcut 
was performed hy the authoi"s. 
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Table 2 

Remdm covMs for the. nim* ahiiclural 
protei7i families 



R«.vi<l»e type 




E)x posed { 


An§ 


Gly 


IGl 


226 


44& 


Alu 


182 


250 


f)I5 


Scr 


108 


375 




Pro 


U 


m 


249 


Asp 


2S 




3in 


Oya 


38 


23 


71 


Arii 


33 


258 


313 


Thv 


79 


341 


477 


CM 


11 


230 


256 


Val 


20G 


166 


415 


Gin 


20 


201 


248 


His 


20 


69 


105 


Met 


49 


47 


10? 


l^u 


i65 


135 


331 


IIu 


125 


HH 


265 


Ly« 


r> 


2i>7 


320 


Arg 


0 


162 


193 


l*be 


8i> 


HH 


208 


Tyr 


38 


\2H 


101 


Tip 


30 


33 


68 



t Rftwdues having f!nlv«*nt'Ac:f.-es.silile siirfiu*e less? (Jimi or equal 
U) JOAV CounU are peiforniCfJ as desuribetl in Duttt und 

J Residues having solvent-accessible suifuco more than or 
equfti tA} 30 A^. Counts uixi (Hjrfonned as described in Data and 
Methods. 

§ All residues are counted, i-egftrdiw* of their *!xpofitJi-e U* 
Rolvont. 



Table 3 

Number of substitutions for huned residues inwlviiig 
volw/i^i and 'polarity aMerations 



WnftilAiity (%)t 



100 



Obtjervcd snb^titiiUuns 
Total number with voliune 

change > 1 methyl group 
Total number with polarity 

group change 
Hydi'ophrtbio/hyrlivpliilin 

siibstitutioni^ 



12 



95 


00 


86 


80 


34 


05 


124 


206 


1 


9 


24 


57 


0 


14 


33 


63 



imvironmcntii (jsoe cqn (1 )). 



thi'C:}bold of centnil residue 



Ihti 20 types 10, i=: 1 to 20), then iV = 200 and thtt 
number of possible non-id«ntitml Anfiino acid excha^iges A^' 
ia: 

(200 X 1 99) -X( ( ^ ;»«,0<K). 
If, for instance, 1000 substitutions ar« observed {X = 
1000), tbe expecf^ed using eqn (2). is 2x1000x10 
X 10/38,000 6. Assvime that for a given pair i-^j (o.g. 
Ala-Thr) the obscrvcti number of substitutions WAurhr is 
12, then if 

^ALi.Thr(1000,12) + P^,,.ThT(1000J3)+ . . . + 

/^AUThrClOOOJOOOX-OOS 

the substitution preference between Aia and Thr can be 
considered signilicant with at Innst 05% confidence. 



in (Teasel i by 1 only on(*» for each amino atud Ly|>e in the 
ah'gnment column, regardless of its number of appear- 
ances. This was consiaUjut with the counts for redundant 
central residue pairs. For nistanc^, supjnjse an alignment 
position contained 3 Ala and 2 Gly txjsidues in a particular 
topologic family, a total of 6 iv-sidue substitutions citn be 
counted; however, since they are all structurally equiva- 
lent, only 1 should be taken; namely, that Gly-AIa substi- 
tution with tJie highest environmental similarity sc^re. 
This selection is consistent with the aim of this stutly to 
find conserved ncigl)borhoods tolerating nuil^mt ccxitral 
residues. Tot^l counts tij {?' = 1 to 20) were determined for 
ail the alignment positions in all the molecular families 
under 3 water-accessible conditions and are given in Table 
2. The probability to observe ct substitutions i-j out of .V 
trials tal;en from a pool of A" re-si dues (A'-^jn^) 
assuming a binomial distribution is given by: 

a) = ^fj (3) 

wliere Pi.j is given in eqn (2), and: 

\aj a!(A'-a)! 

Given the number of observed sub^titutitma it is 
straightforward to calculate its chance probability with 
eqn (3) (see e.g. Korn d. Korn. 1968). If the sum of all 
probabilities A', a) for fif.j ^ Of < A' is less than or equal 
to 0-05, the preference of the Hubstitutifmn oaci be con- 
sidered significant at the 95% confidence level or better. 
Consider the following hypothetical illustration. Suppose 
the pool of residues consisted of 10 amino acids for each of 



3. Results and Discussion 

Table 2 lists the residue population for each of the 
amino acids in the three structural states examined 
for central ix=jsidue- suUstitutions: (1) buried in the 
protein core (solvent-acce&sible surface for both 
residues ^lOA^); (2) exposed (solvent-ac^jcssible 
surface area ^30 A^); and (3) all the possible access- 
ibility states allowed. The residue pool represents, 
under the constraints discussed in Data and 
Methods^ the composition of amino acids available 
for possible substitutions. These populations are 
important in calculating the substitution statistical 
significance (see Du-ta and Methods). 

In a previous papej' (Boido & Argos, 1900), 
substitution statistics were- gathered from only OJie 
sequence family (glohins) and for only buried 
residues. The buried exchange counts given here 
increased by at least a factor of 5 from the addition 
of eight sequence famihes (Table I). The basic 
trends observed were nonetheless conserved. The 
results in Table 3 make this salient. Very few of the 
total substitutions show volume changes grcat-er 
than one methyl group ('^35 A^) and a niovenient 
(referred to ai? a **jump'*) to another polarity group 
(Grantham, J 974) where the three possible groups 
are defined (1 letter code used) by (WYFMCILV), 
(PATOS) and (H KRQOi^N). Those constraint.^ 
imply con*<;iderabIe impact on the development of 
protein cores in structures maintaining main -chain 
fold; a detailed discussion can be found in the earlier 
work (Bordo & Argos, 1990). All ensuing work given 
hei-e is unique to this report. 
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Table 4 

Numbfr of ^ub$titution/t for exposed residues 
involving volmm and polarily alterations 





100 


05 


do 


85 


80 


Obsfti vcd subatituUon8 


100 


152 


322 


5(i0 


941 


Total nunihRf with vuluinc 


28 


54 


12'( 


208 


m 


change > 1 inetiiyl group 








TotaJ niiiTjber with fXjJarity 


42 


69 


153 


280 


5*7 


group chftiigo 












Hydrophrtl>in/hydrupliiUc 


3 


5 


10 


30 


78 











t J'ercentagc nimilarity threshold of tentrfti resid, 
ftnvironmcnUj (see eqn {!)). 



Table. 4 Jists simiiar staMsticu (volume and 
polarity group alteration counts) for exposed 
residues with similar environments. It is clear that 
they display considerable point mutation freedom 
conipai-ed to tho bui^ied residues. Approximately 
one^third to one-halfof the substitutions (depending 
on the per<:entage similarity of the neighborhood) 
involve, changes in polarity group or volume altera- 
tions greater than one methyl group, whereas only 
about 15% of the buried substitutions involved 
such changes. However, few side-chains ('-6%) 
alter the sign of their charge or jump (-^3%) 
between opposite polarify groups {i.e. hydrophobic- 
hydropbilic) despite their exposure. 

It wa.s insisted that each of the two substituted 
midues have a water-accessible surface area of at 
least 30 to be deemed exposed. This repixisents 
approximately a hole just large enough for a methyl 
group pass through and was found from the 
previous globin statistics (Bordo & Argos, 1990) as 
well as the present data (not shown) to be the 
minimal exposure at which radical volume and 
polar alterations between exchanged central 
residues are observed. 

Figure I shows the actual exchange coujH^ for (a) 
buried, (b) exposed and (o) all case^ whore the 
central residue environments were 90% or greater 
(lower matrix half) and 70% or greater (\ipper 
matrix half) in similarity. The symbols plus 
(preferred exchange) and minus (avoided exchange) 
are shown in the upper half of matrices if the counts 
were reliable at the 95% confidence level or better 
as well as consistently preferred or shunned for at 
least two similarity levels within a rajige of 100% to 
70% calculated in steps of 5%. As expected, the 
70% similarity data produced the mast observed 
exchange counts and the greatest number of substi- 
tutions deemed significant. However, given the 
lessened neighborhood similarity, noise is increas- 
ingly introduced; nonetheless, trends are pre.served 
fwm the 90% to 70% levels (Fig. I), 

Several interesting substitution trends ait; observ- 
able in the Figure 1 exchange matrices. Though the 
high count substitutions are not always deemed 
statistically significant, they represent a useful 
starting point in deciding which substitutions to try 
in structure-altering experiments as site-directed 



mutagenesis or protein engineering. It will take 
considerable time and offoi-t to produce sufficient 
X-ray crystallographic prote.in structures to deter- 
mine the significance of all the possible 
substitutions. 

For the pi-otein core, residues within each of tho 
following subsets aro generally interchangeable with 
high statistical significance: (A,G). (A,V) (N D) 
(M,L), (F,L). (F, V), (A,S,T), {V,I.L) and (Y,'w)! 
This is shown diagrammatically in Figure 2. In an 
examination of the counts alone, surprising results 
can be found for majiy of the amino acid types. 
While Thr can exchange with Ala and Ser, Asn is 
the next most desirable. Cys prefers Ala or Val as 
substitutes. Though Val can rather freely go to Ala. 
Tie and Leu, Jlc prefers primarily only Val and Leu! 
Met and Phe favor Leu, rather than Tie, as an 
ersatz. For exposed .substitutions unexpected results 
are also in evidence. Gly prefei^s Asn as the most 
desirable charged or polar substitute. If Ala must be 
replace by a charged residue, Lys and Glu are 
st^atistically favoi^, Ser prefers Asp and Asn and 
not Glu, Lys or Arg. while Thr is the most favored 
substitute. Asp especially avoids Tyr at the surface. 
Vals favorite partners are He and Leu. while 'l>r 
prefers Phe. Tnl<;restingly, the hydrophobic residues 
Val, Leu and He tend to substitute amongst them- 
selves despite some exposure at the surface. If an 
exposed Val must be changed U) a charged residue, 
Lys is the best candidate; and so forth. 

Some substitutions arc consistently allowed 
regardless of exposure or buriedness (Fig.' 2). Among 
the highly significant preferred exchanges, in single 
letter code, are (G,A), {S,A), (T,A). (N.D), (T,S), 
(V.I,L) and (F.Y). / ^ > ^ 

a-vlculating the logarithm of the ratio of the 
observed to expected counts for each possible 
substitution and for all observed cases having 70% 
enviionment^l similarity (Fig. 1(c), upper right 
matrix), it was possible to build a scoring matrix 
analogous to that determined by Dayhoff et al. 
(1978). The correlation coefficient between the 
elements of the two matrice^s was 0'(>4. It would not 
be expected that the two matrices correlate well iis 
the results of this work concern single substitutions 
over only close molecular generations, while the 
Day h off tl al. observations are cumulative over 
many and multiple mutations. 

The matrices listing preferred or safe and avoided 
or unsafe substitutions taken from actual tertiary 
structures should prove exceedingly useful in site- 
directed mutagenesis and protein fingineering 
experiments. It would be helpful to ascertain if a 
residue is exposed or buried before choosing a 
substitution. If the protein thi-ee-dimensional struc- 
ture is known, this information is evident. If only 
the sequence has been determined, secondary struc- 
ture prediction and/or a hydrophobicity plot (for a 
i-evicw, see Argos, 1990) should provide a good guess 
as to the appropriat.e solvent-accessible state of the 
residue in question. If not, the exchange counts 
taken from all residues in the familial sequence sets 
are given in Figure 1(c). 
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Figure 1. Obwrved subsfcitutions for (tv) buried, (b) exposed and (c) all cases. The lower halves of the matrict^ give 
substitution counts for ccnlral residues with 1)0% or greator nimilar envininmenta, while the upper halves ar« for 70% or 
greater sinulanty. When <:ounUs whow a sUtistically meaningful {96% or greater confidence) increase^ or (iticreose 
compared to the expected figui-es for at leixst 2 «iiniJarity lovela ranging from 100% to 70% in stepH of 5%, with tht> 
trend being consiatont, a + or - aign i» given to indicate preferred or avoided substitutions, respectively. In the exposed 
date, immunoglobulin variable domainit were not included. 
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Figure 2. St^^tist.icaIiy pnifeircd (95% oj- greater confi- 
dence level ast iitdiciated by » 4- in Fig. 1) substitution.s 
observed in bnried residues (grey segments) and exposed 
rejsidiies < black segments) are shown. JR^sidues roughly 
equivalent ar« grouped together in 5 subsets, which 
generally correlate with side-chain physicochemical 
properties. 



Urn & Sauer (1989) have performed mutation 
experiments on A repre^or protein coi-e side-chains 
and the mutants were a^ssayed for functionality and 
stability. Interestingly, all of the single protein core 
nnitants could have been predicted from this work 
(Hordo & Aigos, 1990). 

Sitc-direnl^d mutagenesis is an important tool in 
probing the structDral and functional significance of 
particular residues within a protein sequence (for 
reviews, see Knowles, 1987; Shaw, 1987). Amino 
acid residues might be altered to check for their 
participation in catalysis, cofactor or substrate 
binding, molecular and receptor recognition, 
domain interfaces, oligomeric interactions, and the 
like. It is essential in such experiment^i that the 
protein fold, locally and globally, not be perturbed; 
otherwise^ loss of activity or whatever aspect is 
under study would be incontjctly ascribed to the 
mutated i*Bsid«e. "vSafe" substitutions are thus 
i-cqxiisite for the success of the mutant probe a« an 
indicator of critical residues in structure and func- 
tion. This work provides exchange matrices that 
should be directly applicable in maintaining the fold 
and that are taken from known three-dimensional 
pi'Ot^in structures with diverse folds. Of course, the 
results represent general trends and cannot be 
expected to work in every local cont-ext, but they 
should be a great improvement over randomly 
selected substitutions and aut as a good guide 
regarding what to siibstitute and what not to 
substitute. For example, suppose Oys were a 
suspected active Siite residue. If exposed or buries! , 
though the substitution data ha*se is not sufficient to 
identify statistically sifjiiificant exchangers for Cys, 
the obvserved substitutions counts would recom- 
mend Ala; if the Cys is likely to be buried, Val is 
also a possible candidate. 



Zveiebil & Stem berg (1988) examined several 
known tertiary structures and determined that His 
is the most frequently occurring catalytic residue. 
Assuming its exposturo to the solvent, the exchange 
matrix suggests Ser as the safest substitution. In 
the review by Shaw (1987) on specific point 
mutations for several molecular species, the Gly- 
Ala substitution is one of the most frequent 
mentioned. Apparently the proteins maintained 
their fold while proven assays displayed altered 
activity. The exchange matrices presented in this 
work suggest the Gly-Ala substitution as highly 
significant in the buric^l or exposed state-s. 

In protein engineering as well as molecular 
modeling, where new structures are built from those 
with known tertiary and homologous primary struc- 
ture^ (for a review, see Sali et (d., 1990), it is often 
crucial to know which residues nan be snbstitut<^d 
safely. Can a substituted residue in a molecular 
model be placed in the same environment displayed 
by tlie known native structure? For instance, if a 
His is to be introduced in an exposed loop to eng- 
ineer cation binding, would it be safer to substitute 
a iSer, Olu, Asn or Lys in the known structure? The 
exchange matrices of Figure 1 provide direct 
answers. In fact, Sali et at. (1990) in their review on 
modeling cit<5 only two specific examples where 
residues are allowed limited choices due \o folding 
requirements. Both involve constrained Ser-Thr 
substitutions in buried /^-strands where the side- 
chain oxygen atoms bond to main-chain atoms. 
Among the preferred exchanges, the Ser-Thr one 
is highly preferred both in the exposed and 
buried substitutions matrices reported here (Pig. 2). 
A further protein engineering example would 
involve a desired residue substitution to stabilize a 
predicted or known helix. The exchange should be 
from a residue of lower to higher helical preference 
(Palau ei cU., 1082). Combining this requirement 
with the exchange matrix counts of Figure I should 
provide a very rational substitution, especially if 
the tertiary structure is not known, which is typic- 
ally the situation. For example, if lie were buried 
and part of a helix is to be stabilized, the matrix of 
Figure 1(a) suggests Leu and then Met as likely 
substitution candidates. 

Malcolm el al {1990) have published results of 
mutants of game binl lysozymes. Point mutations 
on in vivo triplel^i Thi^-IIc55-Ser9I (TIS) or Ser40' 
Vai55-Thr91 (SVT) included, respectively, TVS 
SIS, TJT and SVS, SIT, TVT. The muUnts were 
assayed for thermal stability and it was foimd that 
TIT, SIT and TVT were more stable than the 
respective wild-type and TVS, SIS and SVS less so. 
The buried- residue exchange matrices in this work 
would predict that Val He and Ser-> Thr would be 
ideal substitutions to preserve main-chain fold and 
enhance thermal stability under the assumption 
that increasing the volume of a side-chain within 
one methyl group would result in better hydro- 
phobic packing to maintain the protein structure. 
In every case, this is exactly what occurred experi- 
mentally. In fact, when the exchange from the wild- 
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type involved a volume decrease, the fold wa« 
maintained but thermal stability diminished. 

Thu ttuthory thank Gareth Clielvanayagani, Jaap 
Heringa and Peter SibbaUi for rnariy helpful diacussions. 
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The pro-apoptotic "BH3 domain-only" proteins of the 
Bcl-2 family {e.g. Bid and Bad) transduce multiple death 
signals to the mitochondrion. They interact with the 
anti-apoptotic Bcl-2 family members and induce apo- 
ptosis by a mechanism that requires the presence of at 
least one of the multidomain pro-apoptotic proteins Bax 
or Bak. Although the BH3 domain of Bid can promote 
the pro-apoptotic assembly and function of Bax/Bak by 
itself, other BH3 domains do not function as such. The 
latter point raises the question of whether, and how, 
these BH3 domains induce apoptosis. We show here that 
a peptide comprising the minimal BH3 domain from Bax 
induces apoptosis but is unable to stimulate the apo- 
ptotic activity of microinjected recombinant Bax. This 
relies on the inability of the peptide to directly induce 
Bax translocation to mitochondria or a change in its 
conformation. This peptide nevertheless interferes with 
Bax/Bcl-xL interactions in vitro and stimulates the apo- 
ptotic activity of Bax when combined with Bcl-xL. Sim- 
ilarly, a peptide derived from the BH3 domain of Bad 
stimulates Bax activity only in the presence of Bcl-xL. 
Thus, BH3 domains do not necessarily activate multido- 
main pro-apoptotic proteins directly but promote apo- 
ptosis by releasing active multidomain pro-apoptotic 
proteins from their anti-apoptotic counterparts. 



Apoptosis is a highly regulated process of cell demise trig- 
gered by internal or external stimuli. Most apoptotic signahng 
pathways converge on the mitochondrion and lead to a change 
in the mitochondrial outer membrane permeability (1). As a 
result, diverse apoptogenic proteins, such as cytochrome c 
(which allows the activation of a caspase 9/caspase-3 cascade 
via the cytosolic adapter Apaf-1), Smac/DIABLO, "apoptosis- 
inducing factor," endonuclease G, and HtrA2, are released from 
this organelle. The response of the mitochondrion to upstream 
stimuli is a critical control point in the regulation of apoptosis. 
It is crucial, therefore, to understand how this organelle inte- 
grates a great variety of death signals. 

Bcl-2 family members are major regulators of mitochondrial 
integrity (2). Anti-apoptotic members such as Bcl-2 and Bcl-xL 
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display sequence conservation throughout all four Bcl-2 homol- 
ogy domains (BHl-4), whereas the pro-apoptotic Bax and Bak 
possess homology in BHl-3 domains. These multidomain pro- 
apoptotic proteins have the innate ability to alter mitochon- 
drial integrity, possibly via their ability to induce channels in 
the mitochondrial membrane (3). The ratio between anti-apo- 
ptotic and multidomain pro-apoptotic Bcl-2 family members 
helps determine the cellular susceptibility to death stimulation 
(4). NMR structural analysis of the Bcl-xL-BakBH3 peptide 
complex has revealed that the BH3 domain of Bak binds to a 
hydrophobic cleft formed by the BHl, BH2, and BH3 domains 
of Bcl-xL (5). Anti-apoptotic and multidomain pro-apoptotic 
Bcl-2 family members may thus engage, by a BH3 domain-de- 
pendent mechanism, in the formation of heterodimers in which 
they mutually antagonize each other's function (6). 

The Bcl-2 family includes a third subgroup of pro-apoptotic 
members that display sequence homology only with the BH3 
domain (7). These BH3 only proteins seem to act as the afferent 
effectors of various pro-apoptotic and anti-apoptotic signals (8). 
For instance, both Noxa and Puma are transcriptionally regu- 
lated by p53 (9-11); activation of Bid by caspase 8-mediated 
cleavage recruits the mitochondrial apoptotic pathway into 
death receptor signaling (12, 13), whereas the activity of Bad is 
negatively regulated by the Akt/protein kinase B survival sig- 
naling pathway (14). Murine cells lacking both multidomain 
Bax and Bak display long term resistance to mitochondrial 
damage and cell death induced by all BH3-only proteins tested 
(15-17). Thus, in mammals, activation of BH3 only proteins 
integrate diverse apoptotic stimuli into one single pathway by 
triggering Bax/Bak-mediated mitochondrial dysfunction. 

All BH3-only proteins have the ability to bind to and to 
functionally antagonize anti-apoptotic Bcl-2 family members 
(8). The BH3 domain-dependent mechanism by which Bax/Bak 
pro-apoptotic function is recruited remains poorly character- 
ized. Indeed, multidomain proteins, in viable cells, reside as 
inactive proteins located either at the mitochondria (Bak) or in 
the cytosol (Bax) (18). The direct binding of Bid to either Bax or 
Bak is sufficient to activate those proteins and allow their 
pro-apoptotic assembly in the mitochondrial membrane (19- 
21). Very recent evidence (22, 23) using synthetic peptides has 
indicated that the BidBH3 domain itself functions as a specific 
death ligand. These studies nevertheless revealed evidence for 
another functional subset of BH3 domains, which lack the 
ability to activate directly Bax/Bak but retain the ability to 
bind to anti-apoptotic Bcl-2 family members (22). It has re- 
mained unclear whether such BH3 domains can induce apo- 
ptosis and, if so, by which mechanism. 

To explore this question further, we have analyzed in this 
study the apoptotic effects of a minimal BH3 domain synthetic 
peptide, comprising the critical 16 residues of the defined Bax 
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BH3 domain (BaxBH3 (57-72)). These 16 residues contain 
sufficient information to bind to (5), and functionally antago- 
nize (24), Bcl-xL and to induce specifically Bax/Bak-mediated 
apoptosis (24). We show here that, despite these properties, 
BaxBH3 cannot efficiently induce Bax translocation to mito- 
chondria, evoke a change in Bax conformation, nor stimulate 
the apoptotic activity of recombinant Bax, whereas it can stim- 
ulate that of a mutant form of Bax that exhibits an increased 
ability to homodimerize. BaxBHS interferes with Bax/Bcl-xL 
interactions in cell-free experiments and stimulates the apo- 
ptotic activity of Bax combined with Bcl-xL. Similarly, a pep- 
tide derived from the BH3 domain of Bad was also unable to 
stimulate Bax activity by itself but cooperated with Bcl-xL to 
activate it. Taken together, these data support a model in 
which BH3 peptides that mainly act as antagonists of anti- 
apoptotic Bcl-2 family members can induce apoptosis by inter- 
fering with the interaction between multidomain pro- and anti- 
apoptotic proteins. 

MATERIALS AND METHODS 

Reagents and Antibodies — The following antibodies were used; 
monoclonal anti-cytochrome c antibody 6H2B4 from Pharmingen; poly- 
clonal anti-Bax BaxNT antibody from Upstate Biotechnology, Inc; and 
monoclonal anti-Bax 2D2 and 6A7 antibodies from R&D Systems. The 
polyclonal anti-Bax TL41 antibody was raised against the BH3 domain 
of Bax (residues 57-72) (24). Horseradish peroxidase-conjugated anti- 
bodies and enhanced chemiluminescence reagents were obtained from 
Amersham Biosciences. Fluorescent Alexa 568™-conjugated secondary 
antibodies were obtained from Molecular Probes. Unless indicated, all 
other reagents used in this study were obtained from Sigma. 

Peptides and Recombinant Proteins — The high pressure liquid chro- 
ma tography-purified BaxBH3 (KKLSECLIOIIGDELDS), BaxBH3 
L63A (KKLSECAKRIGDELDS), and BadBHS (QRYGRELRRMS- 
DEFVD) peptides were obtained from (^nosys (Cambridge, UK). 

Histidine-tagged human Bax«, BaxAART, and Bcl-xL were obtained 
by subcloning of the coding regions into pDESTl7 plasmid (Gateway, 
Invitrogen) as described previously (25). His-tagged proteins were ex- 
pressed in the Escherichia coli strain XL-1 blue and purified by chro- 
matography on nickel-Sepharose acid resin according to the manufac- 
turer's instructions. Recombinant proteins were dialyzed against PBS^ 
and stored at -80 "C until used. The purification of GST, GST-Bcl-xL, 
and tBid from bacterial lysates has been described previously (24, 26). 

Microinjection Experiments — Rat-1 fibroblasts, grown in Dulbecco's 
modified Eagle's medium supplemented with 10% FCS and 0.1 mM 
glutaraine, were seeded on sterile coverslips the day prior to microin- 
jection. Microinjection was performed as described previously (27) using 
an InjectMan NI2 micromanipulator and a FemtoJet injector from 
Eppendorf (Germany). Identical, standardized conditions of pressure 
(100 hPa) and time (0.1 s) were used in all experiments. Peptides and/or 
recombinant proteins were diluted in PBS together with dextran 70 
kDa-conjugated lysine-fixable Oregon Green® (Molecular Probes, 0.5% 
final concentration) as a co-injection marker. Typically, 100 cells were 
microinjected for each condition in each experiment. The percentage of 
positive ((.e. fluorescent) cells exhibiting morphological features of 
apoptosis following microinjection was evaluated as described previ- 
ously (27) using an inverted fluorescence microscope (DMIRE2, Leica, 
France). 

Immunocytochemistry — Immunocytochemical staining of microin- 
jected cells was performed as described previously (24). Both the pri- 
mary polyclonal anti-Bax NT antibody and the anti-rabbit secondary 
antibodies were used at a 1:200 dilution. Images presented in this study 
were collected on a Leica TCS NT confocal microscope with a 100 X L3 
NA Fluotar objective (Leica, France). 

Cell- free Assays — Mitochondria were isolated from normal rat liver 
as described previously (28). For mitochondrial targeting assays, 
P'^SlMet-labeled proteins (Amersham Biosciences) were synthesized 
from cDNAs using the TNT-coupled Transcription/Translation system 
(Promega, France) and quantified as described previously (28). Radio- 
labeled Bax (4 fmol) was incubated with isolated mitochondria (2.5 mg 
proteins/ml) and with the indicated concentration of recombinant tBid 



* The abbreviations used are: PBS, phosphate-buffered saline; FCS, 
fetal calf serum; MOPS, 4-morpholinepropanesulfonic acid; IVTR, in 
vitro translated radiolabeled; GST, glutathione S- transferase. 
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or BaxBHS at 30 **C for 1 h in 40 y\ of standard import buffer (250 mM 
sucrose, 80 mM KCl, 10 mM MgClg, 10 mM malic acid, 8 mM succinic acid, 
1 mM ATP-Mg2-^, 20 mM MOPS, pH7.5). When indicated, ^°S-Bax was 
preincubated with unlabeled GST or GST-Bcl-xL (2 fmol) for 30 min 
prior to incubation with mitochondria in the presence or in the absence 
of BaxBH3 (200 nM). Radiolabeled proteins bound to the mitochondria 
were recovered by centrifugation of the incubation mixture at 8,000 x 
g for 10 min at 4 "C, separated by SDS-PAGE, and analyzed by scan- 
ning with a Phosphorlmager (Amersham Biosciences) followed by quan- 
tification with IPLab gel program (Signal Analytics). 

For cytochrome c release assays, recombinant Bax« (5 nM) was pre- 
incubated with either GST or GST-BclxL (2.5 nM) for 30 min prior to its 
incubation with mitochondria (1 mg of proteins/ml) in the absence or in 
the presence of BaxBHS (200 nM) for an additional hour in 100 ^1 of 
import buffer. Mitochondria were then recovered, and the amount of 
mitochondrial cytochrome c was analyzed by Western blotting and 
quantified with IPLab gel program (Signal Analytics). 

Protein Binding Experiments — In vitro His-protein binding assays 
were performed as described previously (25). Briefly, each radiolabeled 
protein (4 or 8 fmol as indicated) was incubated with an equimolar 
concentration of either His-tagged Bcl-xL or Baxa immobilized on nick- 
el-Sepharose in 50 fi.1 of binding buffer (142 mM KCl, 5 mM MgCls, 10 
mM HEPES (pH 7.4), 0.5 mM dithiothreitol, 1 mM EGTA, 0.5 mM 
phenylmethylsulfony] fluoride, and a mixture of other protease inhibi- 
tors) at 4 "C for 2 h. BaxBHS or BaxBHS L63A (200 nM final concen- 
tration) was then added, and the mixture was incubated for an addi- 
tional hour. Protein complexes were then centrifuged at 13,000 x g for 
5 min at 4 *C, washed three times in binding buffer, eluted in elution 
buffer (50 mM Tris-HCl (pH 8.0), 1 mM dithiothreitol, and 250 mM 
imidazole), separated by SDS-PAGE, and analyzed with a Phosphorlm- 
ager as described above. For mild proteolysis experiments, both the 
pellet and the supernatant from the first centrifugation at 13,000 x g 
were treated with tr3T)sin (1 mg/ml) for 15 min at 4 *C. Proteolysis was 
then stopped by the addition of 10 mg/ml soybean trypsin inhibitor prior 
to analysis as described above. To assess directly the sensitivity of 
radiolabeled Bax to trypsin treatment in the absence of His-tagged 
Bcl-xL, the radiolabeled protein (8 fmol) was incubated with tBid (8 
fmol, 0.2 nM final concentration), the indicated peptides (200 nM), or was 
left untreated in 40 ^tl of binding buffer for 1 h at 30 *C prior to trypsin 
treatment as described above. 

For immunoprecipitation experiments, soluble His-tagged Bcl-xL- 
radiolabeled Bax complexes were prepared as follows. Radiolabeled Bax 
(20 fmol) was incubated with 20 fmol of His tagged Bcl-xL immobilized 
on nickel-Sepharose in 250 /xl of binding buffer at 4 for 2 h; protein 
complexes were then centrifuged at 13,000 x ^ for 5 min at 4 **C, 
washed three times in binding buffer, and then eluted in 20 ^1 of elution 
buffer. SDS-PAGE analysis and quantification using a Phosphorlmager 
as described above showed that the resulting soluble complexes con- 
tained in average 4 fmol of radiolabeled Bax. These soluble complexes, 
or equivalent amounts of free radiolabeled Bax (4 fmol), were incubated 
with an equimolar amount of tBid (0.2 nM final concentration) or with 
the indicated peptides (200 nM) for 1 h at 30 "C in 40 ^1 of standard 
import buffer. The anti-Bax 2D2, 6A7, or TL41 antibodies were then 
added (1:10 final dilution) for an additional 1-h incubation at 4 "C. 
Antibody-protein complexes were then isolated by incubation with ei- 
ther Zysorbin-G (for the 6A7 and 2D2 antibodies) or Zysorbin (for the 
TL41 antibody) followed by centrifugation and washes according to the 
manufacturer's instructions (Zymed Laboratories Inc.). SDS-PAGE 
analysis and quantification of the immunoprecipitated and radiolabeled 
proteins using a Phosphorlmager were performed as described above. 

RESULTS 

BaxBHS Does Not Stimulate the Cytotoxic Activity of Wild 
Type Bax — In order to investigate the mechanism of action of 
BH3 domains, we used a synthetic peptide comprising the 
known BH3 domain of Bax (residues 57-72), BaxBHS. This 
peptide interacts with (5), and functionally antagonizes (24), 
Bcl-xL. Moreover, upon microinjection into fibroblasts, it in- 
duces apoptosis by a mechanism that requires either Bax or 
Bak (24). One possible reason for this is that this peptide 
directly activates the multidomain proteins, essentially acting 
as a death ligand (22). This notion appears consistent with its 
reported ability to interact physically with full-length Bax (29). 

We reasoned that if BaxBH3 can directly activate Bax, it 
should be more efRcient in inducing apoptosis in cells with 
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Fig, 1. Effect of BaxBHS on the pro-apoptotic activity of Baxa. 

His-tagged recombinant Baxa (0.5 nM), tBid (0.5 nM alone or together 
with 0.5 nM Baxa), BaxBH3 (0,5 nM alone or together with 0.5 nM Baxa), 
and BaxBHS L63A (0.5 nM alone or together with 0.5 nM Baxa) were 
mixed with Oregon Green dextran (0.5% w/v) in PBS and microinjected 
into Rat-1 fibroblasts, grown in 10% FCS. Cells were then incubated at 
37 'C, and death of microinjected cells was assessed morphologically by 
fluorescence microscopy at the indicated times. Data are means (±S.E,) 
of at least three independent experiments. 



increased Bax levels; on the other hand, we would expect to see 
no increased sensitivity to BaxBHS in these cells if BaxBHS 
were unable to stimulate Bax function directly. We therefore 
made use of a recombinant full-length Bax (Baxa) and assessed 
its effect on whole intact cells in the presence or in the absence 
of the BaxBHS peptide. The recombinant protein used was 
prepared in the absence of detergent, in order to prevent the 
artifactual activation of Bax reported to occur during the puri- 
fication procedure (30). This purified Baxa protein did not 
associate with Bax« in cell-free experiments ((25) see also Fig. 
6). It is therefore unlikely to adopt a homodimeric structure. As 
shown in Fig. 1 C^op left panel), microinjection of recombinant 
Baxoc (0.5 nM) induced limited apoptosis even 4 h following 
injection. In order to check that this recombinant protein can 
be activated by certain stimuli, we co-injected Baxa with a 
recombinant protein equivalent to the caspase 8 cleavage prod- 
uct of Bid (tBid, 0.5 nM) (26). This led to far more widespread 
apoptosis than that observed upon microinjection of either 
Baxa or tBid alone (Fig. 1, top right panel). Apoptotic synergy 
between these two proteins was evident as early as 2 h after 
microinjection, strongly supporting the view that recombinant 
Baxa by itself is poorly apoptogenic but can be activated by 
signals such as Bid activation. Of note, the fact that subnano- 



molar quantities of tBid and Baxa efficiently induced apoptosis 
is consistent with a previous report (31) showing that similar 
concentrations of tBid elicit significant mitochondrial dysfunc- 
tion and cell death. 

We then analyzed whether BaxBHS stimulated the pro- 
apoptotic function of Baxa. Microinjection of 0.5 nM BaxBHS 
induced apoptosis to a certain degree (Fig. 1, bottom left panel), 
whereas microinjection of the mutant BaxBHS L63A (0.5 nM), 
which does not interact with Bcl-xL, had only a limited effect on 
cell viabihty (Fig. 1, bottom right panel). In sharp contrast to 
what we observed for tBid, co-injection of Baxa and BaxBHS 
did not result in an increased apoptosis in the microinjected 
cells (Fig. 1, bottom left panel). A similar lack of effect on Baxa 
activity was observed with the mutant BaxBHS L6SA peptide 
(Fig. 1, bottom right panel). Thus, BaxBHS induces apoptosis, 
but it does not impact on the apoptotic activity of the native 
form of Bax. 

BaxBH3 Neither Stimulates Bax Association with Mitochon- 
dria nor Significantly Modifies Its Conformation — Bax in its 
native conformation is only poorly targeted to mitochondria, 
and it acquires the ability to interact with its mitochondrial site 
of action only in response to certain death stimuli, including 
Bid activation (S2). We therefore asked whether the lack of 
effect of BaxBHS on Baxa apoptotic function depended upon its 
inability to stimulate Baxa targeting to mitochondria. For this 
purpose, we used an in vitro system employing the ^^S-labeled 
transcription-translation product of Bax cDNA in rabbit reticu- 
locyte lysate together with purified mitochondria from rat liver. 
Previous analysis of Bax association with mitochondria in such 
a system has confirmed that Bax targeting to mitochondria is 
mostly inefficient but that it can be triggered by addition of 
cytosolic extracts from apoptotic cells (28, 33) or induced by 
specific mutations that serve to increase Bax apoptotic activity 
(25, 34). As a positive control, we checked that the addition of 
low concentrations (1-10 nM) of tBid stimulated the targeting 
of in vitro translated, radiolabeled (IVTR) Baxa to isolated 
mitochondria in a dose-dependent manner (Fig. 2A). In sharp 
contrast, the addition of BaxBHS at 10 nM did not stimulate 
Baxa association to mitochondria (Fig. 2A). Increased concen- 
trations of the peptide, up to 10 fxM, failed to exhibit any effect 
on Baxa targeting (not shown, see also below in Fig. 5). We 
conclude that BaxBHS is unable to stimulate Baxa association 
to mitochondria. 

The ability of certain stimuli, such as Bid activation, to 
induce translocation of Bax to mitochondria has been ascribed 
to their ability to induce a change in Bax conformation. Such 
change in Bax is accompanied by the exposure of an epitope 
located in its N terminus, which can be detected in whole cells 
by immunohistochemical analysis with a specific antibody 
(BaxNT (35)). To understand better the inability of BaxBHS to 
induce Bax translocation, we asked whether BaxBHS or tBid, 
when microinjected into Rat-1 cells, induced exposure of this 
epitope in endogenous Bax. We used subnanomolar doses of 
both tBid and BaxBHS, which we had shown by themselves 
induce only modest apoptosis 3 h following microinjection (see 
Fig. 1). Microinjection was performed in the presence of the 
broad range caspase inhibitor benzyloxycarbonyl-VAD-flu- 
oromethyl ketone (50 /xm) to avoid caspase-induced changes in 
Bax conformation (32). Cells were fixed 3 h after microinjection 
with either tBid or BaxBHS (0.5 nM) and immunostained using 
the conformation-specific BaxNT antibody as described previ- 
ously (24), As shown in Fig. 2B, a significant portion of Rat-1 
fibroblasts microinjected with tBid (0.5 nM) exhibited a marked 
increase in Bax NT immunostaining. This increased staining 
appeared as a punctate, extranuclear pattern consistent with a 
mitochondrial localization for the modified Bax molecules (see 
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Fig. 2. Effect of BaxBH3 on Bax mitochondrial targeting and 
conformation. A, effect of BaxBHS on Bax targeting to mitochondria. 
4 fmol of IVTR Baxa were incubated with mitochondria in the absence 
or in the presence of the indicated concentrations of recombinant tBid or 
BaxBH3. The amount of radiolabeled Bax associated with the mito- 
chondria was then analyzed by SDS-PAGE and autoradiography. 
Quantitative values were obtained as described under "Materials and 
Methods" £ind were normalized to the amount of Bax associated to 
mitochondria in the absence of tBid and BaxBH3. Data are means 
(±S,E.) of at least three independent experiments. Top panels autora- 
diogram illustrating one representative experiment. B, effect of micro- 
injected BaxBHS on endogenous Bax conformation. BaxBHS or tBid 
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Fig. 3. Effect of BaxBHS on BaxAART pro-apoptotic activity. 

Recombinant BaxAART (0.5 nM) alone or in the presence of either 
BaxBHS (0.5 nM) or BaxBHS L6SA (0.5 nM) was mixed with Oregon 
Green dextran (0.5% w/v) in PBS and microinjected into Rat-1 fibro- 
blasts, grown in 10% FCS. Cells were then incubated at S7 "C, and cell 
death in the microinjected population was assayed as in Fig. 1. Data are 
means (±S.E.) of three independent experiments. 

color panel in Fig. 2B). Careful quantification indicated that 
—25% of cells exhibited the change in Bax NT immunostaining 
3 h after tBid microinjection (Fig. 2B). In sharp contrast, less 
than 10% of cells exhibited a similar feature 3 h after microin- 
jection with BaxBHS (0.5 nM). Thus, introduction of BaxBHS 
into intact cells did not modify Bax conformation as efficiently 
as an equimolar amount of tBid. This suggests that BaxBHS 
requires additional endogenous factors to induce efficiently a 
change in Bax conformation. Taken together, those results 
indicate that BaxBHS is unable to induce a significant change 
in Bax conformation and to stimulate its association to 
mitochondria. 

BaxBHS Stimulates the Cytotoxic Activity of a Recombinant 
Bax Mutant Lacking Its N-terminal End — Although it is unable 
to stimulate Baxa directly, BaxBHS nevertheless recruits Bax 
function in cells (24). One possible explanation for these para- 
doxical results is that BaxBHS can functionally cooperate with 
Bax, provided Bax is in receipt of a sufficient threshold of 
activation by other signals. To address this question directly, 
we tested the effect of BaxBHS on the pro-apoptotic function of 
a recombinant mutant form of Bax, BaxAART. This recombi- 
nant protein consists of a Bax protein lacking its N-terminal 19 
residues. This extreme N terminus of Bax normally regulates 
the apoptotic function of Bax negatively, and its deletion con- 
sequently results in an increased ability of Bax to homodimer- 
ize, interact with mitochondria, and promote apoptosis (25, 32, 
36). Microinjection of recombinant BaxAART (0.5 um) induced 



(0.5 nM) mixed with Oregon Green dextran (0.5% w/v) in PBS was 
microinjected into Rat-1 fibroblasts incubated in the presence of ben- 
zyloxycarbonyl-VAD-fluoromethyl ketone (50 fiM). Cells were then in- 
cubated for 3 h at 37 •'C prior to fixation and immunostained with 
anti-Bax NT antibody as described under "Material and Methods." Cells 
were then analyzed by fluorescence microscopy. The percentage of cells 
microinjected with either tBid or BaxBHS that exhibits an increase in 
BaxNT staining was then analyzed. Data are means (±S.E.) of three 
independent microinjection experiments. Top panel, one representative 
example of Rat-1 fibroblasts microinjected with tBid. Green fluores- 
cence allows identification of the microinjected cells, and red fluores- 
cence shows BaxNT immunostaining of the same cells. White arrows 
indicate cells exhibiting a typical increase in Bax NT staining. 
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little apoptosis during the first 3 h following delivery (Fig. 3). 
However, by 4 h, a signific£int proportion of the microinjected 
cells exhibited morphological features of apoptosis. At this 
time, the extent of cell death observed in the microinjected 
population was 2-fold higher than that observed in control cells 
injected with the same amoimt of Baxtr (compare Fig. 3 to Fig. 
lA). This increased apoptosis in cells injected with BaxAART, 
as opposed to cells injected vidth Baxry, was also observed at 
later time points (data not shown), indicating that, as expected, 
BaxAART is more apoptogenic than Bax«, Co-injection of 
amounts of BaxBHS that were unable to stimulate Baxa apop- 
totic activity (0.5 nM, see above in Fig. IB) with BaxAART led 
to a significant increase in the rate and the extent of cell death 
as early as 2 h following injection (Fig. 3). In sharp contrast, the 
mutant BaxBH3 L63A peptide had no effect on BaxAART apo- 
ptotic activity (Fig. 3). Therefore, BaxBHS can specifically sen- 
sitize cells to the deleterious effect of an activated form of Bax. 
This indicates that the inability of BaxBHS to sensitize cells to 
Baxa relies on its inability to trigger a change in the confor- 
mation of the protein and not on its inability to sensitize cells 
to Bax apoptotic activity under the conditions used. 

BaxBH3 Stimulates the Cytotoxic Activity of Wild Type Bax 
in the Presence of Bcl-xL — The observation that BaxBHS can 
promote Bax-dependent apoptosis without providing a thresh- 
old for the activation of Baxa suggests that additional rate- 
hmiting partners are required for BaxBH3 to promote Bax 
fimction. It is well established that BH3 peptides bind Bcl-xL, 
suggesting the possibility that BH3 peptides promote apoptosis 
by releasing Bax from dimers formed with its an ti- apoptotic 
counterparts. Alternatively, additional factors, distinct fi"om 
Bcl-xL itself, might instead be required for the peptide to acti- 
vate Baxa indirectly. To distinguish between these two possi- 
bilities, we analyzed whether the presence of Bcl-xL suffices to 
allow our BHS peptide to cooperate with Baxa. 

We first analyzed the effect of BaxBH3 on mitochondrial 
targeting of Bax following its incubation with a recombinant 
GST-Bcl-xL fusion protein. As shown in Fig. 4A, IVTR Baxa 
preincubated with the control recombinant protein GST (2:1 
ratio) interacted poorly with mitochondria whether or not 
BaxBHS (200 nM) was present. IVTR Baxa preincubated with 
GST-Bcl-xL (2:1 ratio) also interacted poorly with mitochondria 
in the absence of BaxBHS. It should be noted that the recom- 
binant Bcl-xL used here lacks its C -terminal end and is there- 
fore unable to interact with mitochondria itself (24). Addition of 
200 nM of BaxBHS resulted in a significant increase in the 
mitochondrial targeting of IVTR Baxa preincubated with GST- 
Bcl-xL (Fig. 44). Thus, the BH3 peptide can stimulate Baxa 
association with mitochondria provided Bcl-xL is present. 

We next investigated whether the BaxBHS peptide, when 
combined with Bcl-xL, elicits an increased ability of Baxa to 
induce cytochrome c release ft*om isolated mitochondria. Incu- 
bation of isolated mitochondria (1.5 mg of protein/ml) with 
recombinant Baxa (5 nM) plus GST (2.5 nM) for 1 h at 30 °C led 
to no significant cytochrome c release from the mitochondrial 
pellet (data not shown). As well, the presence of an excess of 
BaxBHS peptide (200 nM) plus Baxo/GST did not significantly 
affect cytochrome c release (Fig, 4B). In contrast, the addition 
of BaxBHS (200 nM) to a combination of Baxa and GST-Bcl-xL 
in a 2:1 ratio leads to a significant loss of cytochrome c from 
mitochondria (Fig. 4B). Incubation of the BHS peptide in the 
presence of GST-Bcl-xL had no effect on mitochondrial cyto- 
chrome c (data not shown), indicating that induction of cyto- 
chrome c release by BaxBHS under the conditions used de- 
pends on the presence of both Baxa and Bcl-xL. Thus, BaxBHS 
stimulates Baxa-induced cytochrome c release provided Bcl-xL 
is present. 
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Fig. 4. Effect of BaxBHS on Bax interaction with mitochondria 
in the presence of Bcl-xL. A, effect of BaxBH3 on Bax mitochondrial 
targeting in the presence of Bcl-xL. 4 fmol oflVTR Baxa were preincu- 
bated with 2 fmol of either GST-Bcl-xL or GST as a negative control 
prior to incubation with mitochondria (2.5 mg/ml) in the absence or in 
the presence of BaxBH3 (200 nM). The amount of radiolabeled Baxu 
associated to mitochondria was evaluated as described in Fig. 2A. Data 
are means (±S.E.) of four independent experiments. Top panel, auto- 
radiogram illustrating one representative experiment. jB, effect of 
BaxBH3 on Bax-induced cytochrome c release in the presence of Bcl-xL. 
Recombinant Baxa (5 nM) preincubated with either GST-Bcl-xL or GST 
(2.5 nM) was added to isolated mitochondria (1 mg/ml) in the absence or 
in the presence of BaxBH3 (200 nM) for 1 h at 30 ''C. The amount of 
cytochrome c in the mitochondrial fraction was then evaluated as de- 
scribed under "Materials and Methods." The amount of mitochondrial 
cytochrome c following incubation with Baxa in the absence of Bcl-xL 
and BaxBH3 was used at 100%. 



We next determined the abiUty of BaxBHS to modulate Bax 
apoptotic activity in the presence GST-Bcl-xL. Baxa (0.5 nivr) 
combined with GST-Bcl-xL (0.25 nM) was even less efficient in 
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Fig. 5. Effect of either BaxBHS or BadBH3 on Bax pro-apo- 
ptotic activity in the presence of Bcl-xL, A, the indicated combina- 
tion of Baxa (0.5 nM), GST-Bcl-xL (0.25 nM), GST(0.25 nM), and BaxBHS 
(0.5 hm) were mixed with Oregon Green dextran (0.5% w/v) in PBS and 
microinjected into Rat-1 fibroblasts, grown in 10% FCS. Cells were then 
incubated at 37 "C, and cell death in the microinjected population was 
assayed as in Fig. 1, Data are means (±S.E.) of three independent 
experiments. B, experiments were performed as in A using BadBHS 
instead of BaxBHS. 



inducing apoptosis than Baxa alone (compare Fig. 5A to Fig. 1, 
top left panel). This is consistent with the protective effect of 
microinjected GST-Bcl-xL against UV-induced apoptosis re- 
ported previously (24). This protective effect was further con- 
firmed by the observation that BaxBHS (0.5 nM) combined with 
GST-Bcl-xL was less efficient in inducing apoptosis than the 
peptide alone (compare Fig. 5A to Fig. 1, bottom left panel). In 
sharp contrast, addition of BaxBHS (0.5 nM) to a mixture of Bax 
(0.5 nM) and GST-Bcl-xL (0.25 nM) led to a significantly more 
efficient induction of apoptosis than that observed in cells 
injected with BaxBHS and Baxa in the absence of GST-Bcl-xL 
(Fig. 5A). This enhanced apoptosis was not observed when GST 
alone (0.25 nM) was used instead of GST-Bcl-xL, or when the 
mutant-inactive peptide BaxBHS L63A (0.5 nM) was used in- 
stead of BaxBHS (data not shown). Our recombinant Bcl-xL 
protein therefore diminishes the apoptotic activity of either 
BaxBHS or Baxa alone, but it allows BaxBHS to stimulate 
Baxa pro-apoptotic activity. In order to investigate whether 
this cooperativity between Bcl-xL and BaxBHS can extend to 
other BH3 peptides, we used another synthetic 16-mer peptide 
encompassing the BH3 domain of Bad. It has been shown 
recently (22) that this BH3 domain is unable to activate Bax 
directly. Consistent with this observation, we observed that 
microinjection of BadBHS (0.5 nM) alone or together with Baxa 
(0.5 nM) induced similar levels of apoptosis (Fig. 55). BadBHS 



(0.5 nM) combined with GST-Bcl-xL was less efficient in induc- 
ing apoptosis than the peptide alone (Fig. 5B). However, the 
addition of BadBHS (0.5 nM) to a mixture of Bax (0.5 nM) and 
GST-Bcl-xL (0,25 nM) enhanced significantly the induction of 
apoptosis as compared with that observed with BadBHS and 
Baxa in the absence of GST-Bcl-xL (Fig. 5B). Taken altogether, 
these data show that the presence of Bcl-xL is sufficient to 
allow both BaxBHS and BadBHS to stimulate the apoptotic 
activity of Baxa. 

BaxBHS Releases Bax from Heterodimers Formed with Bcl- 
xL — The previous results are mostly consistent with a model in 
which BaxBHS releases an activated Bax from heterodimeriza- 
tion with Bcl-xL. To explore this idea, we analyzed the inter- 
action between Baxa and Bcl-xL in the presence or in the 
absence of BaxBHS, We used a cell-fi:"ee assay in which tagged 
recombinant proteins were assayed for their abilities to pull- 
down rVTR proteins (25). As shown in Fig. 6A (left panel), 
recombinant Baxa was unable to associate with either IVTR 
Baxa or IVTR BaxAART as reported previously (25). In sharp 
contrast, recombinant Baxa associated with IVTR Bcl-xL un- 
der the same conditions (Fig. 6A, left panel). This binding was 
inhibited by an excess of BaxBHS peptide but not by the inac- 
tive peptide BaxBHS L63A (Fig. 6A, left panel). Conversely, 
recombinant Bcl-xL significantly bound to IVTR Baxa, in a 
manner that could be specifically inhibited by BaxBHS (Fig. 
6A, right panel). Of note, the amount of Baxa bound to recom- 
binant Bcl-xL could be fiirther increased by preincubating 
rVTR Baxa with unlabeled tBid (Fig. 6A, right panel). This 
suggests that the affinity of Bax for Bcl-xL correlates with its 
ability to adopt an active configuration, a notion that was 
confirmed by the finding that BaxAART bound more efficiently 
to Bcl-xL than Baxa under similar conditions (Fig. OA, right 
panel). Thus, Baxa is unable to homodimerize, but it nonethe- 
less associates with Bcl-xL, albeit with less efficiency than its 
activated forms. Furthermore, BaxBHS displaces Bax from the 
heterodimers it forms with Bcl-xL. 

We then investigated whether the binding of Baxa to Bcl-xL, 
or its release from Bcl-xL upon treatment with BaxBHS, can 
significantly contribute to a change in its conformation and to 
its activation. In a first series of experiments, we analyzed the 
trypsin sensitivity of Bax following its association with Bcl-xL 
in cell-free pull-down assays. Previous experiments (28) have 
shown that incubation of Bax with apoptotic cytosols increases 
its resistance to mild proteolysis while concomitantly increas- 
ing its targeting to mitochondria. Moreover, mutants of Bax 
that exhibit an increased ability to homodimerize and to trans- 
locate to mitochondria also exhibit increased resistance to mild 
proteolysis (25). Consistent with the notion that a change in 
Bax sensitivity to proteolysis accompanies its activation, we 
observed that tBid-treated IVTR Baxa was highly resistant to 
mild proteolysis with trypsin, whereas untreated IVTR Baxa 
was not (Fig. 6B, top panel). In sharp contrast, Baxa sensitivity 
to proteolysis was neither affected by the presence of BaxBHS 
nor by that of BaxBH3L63 (Fig. 6B, top panel). In a pull-down 
experiment using recombinant His-tagged Bcl-xL as described 
above, most Bcl-xL-bound IVTR Baxa exhibited resistance to 
trypsin treatment, whereas there was no detectable trypsin- 
resistant Baxa in the unbound fraction (compare Fig. 6B, bot- 
tom panel, to Fig. 6A). Addition of BaxBHS resulted in a com- 
plete loss of Bcl-xL-bound, protease-resistant Baxa and the 
concomitant appearance of protease-resistant Baxa in the un- 
bound fi-action (Fig. 6B, bottom panel). In control experiments, 
no effect of the mutant BaxBHS L63A was observed. Thus, 
Bcl-xL binding to Baxa is sufficient to modify its sensitivity to 
proteolysis, whereas the action of BaxBHS is to trigger the 
release of a modified Bax from Bcl-xL. In a second series of 
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Fig. 6. Effect of either BaxBHS or BadBH3 on Bax/Bcl-xL interactions in vitro. A, left panel, IVTR Baxa, BaxAART, or Bcl-xL (4 fmol) 
were preincubated with purified His-tagged Baxa before addition of the indicated peptides (200 nM final concentration). The percentage of 
'''■'^S-Iabeled proteins bound to His-tagged Baxor was estimated after SDS-PAGE and fluorography using the initial input (4 fmol) as 100% as 
described under "Materials and Methods." Data are means (iiS.E.) of three independent experiments. Top panel, autoradiogram illustrating one 
representative experiment. 1 fmol of each radiolabeled protein (i25%) was loaded where indicated. Right panel, IVTR Bax« (4 fmol in the absence 
or in the presence of 4 fmol of unlabeled tBid) or BaxAART (4 fmol) was preincubated with purified His-tagged Bcl-xL before addition of the 
indicated peptides (200 nM final concentration). The percentage of ^°S-labeled proteins bound to His-tagged Bcl-xL was evaluated as described 
above. Data are means (±S.E.) of three independent experiments. Top panel, autoradiogram illustrating one representative experiment. B, top 
panel, IVTR Baxa (8 fmol) preincubated with either tBid (0.2 nM) or with the indicated peptides (200 nM) was treated or not with trypsin as 
described under "Materials and Methods." The amount of pro tease- resistant '*'^S-labeled proteins was evaluated and expressed as a fraction of the 
initial amount of radiolabeled Bax. Data are means (±S.E.) of three independent experiments. Top panel, autoradiogram illustrating one 
representative experiment. Bottom panel, IVTR Baxa (8 fmol) was preincubated with purified His-tagged Bcl-xL in the presence of the indicated 
peptides (200 nM) as in A {right panel). His-bound complexes (pellet, P) and free proteins (supernatant, S) were then treated with trypsin as 
described under *'Materials and Methods." The amount of protease-resistant ^^S-labeled proteins was then evaluated and expressed as a fraction 
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experiments, we analyzed the ability of three epitope-specific 
antibodies to immunoreact with Bax in the presence of Bcl-xL, 
BH3 peptides, or both. The specific anti-Bax antibodies used 
were as follows: (i) the 2D2 monoclonal antibody that was 
raised against a peptide encompassing residues 3-16 of human 
Bax, an epitope which is exposed regardless of Bax conforma- 
tion (37); (ii) the 6A7 monoclonal antibody that was raised 
against a peptide encompassing residues 12-24, which only 
binds to active Bax (38); (iii) the TL41 polyclonal antibody that 
was produced against a peptide sequence (residues 57-72), 
which represents the minimal Bax BH3 domain (24), In non- 
denaturing conditions, only the 2D2 antibody could immuno- 
precipitate FVTR Baxa that was left untreated (data not 
shown) or that was treated with the control peptide BaxBH3 
L63A (Fig. 6C, left panel). In sharp contrast, all three antibod- 
ies could immunoprecipitate t-Bid treated IVTR Baxa (Fig. 6C, 
left panel). This indicates that the epitope for the 6A7 antibody, 
and the epitope for the TL41 antibody within the Bax BH3 
domain, are normally hidden in native Bax but become exposed 
following activation of Bax by tBid. Treatment of IVTR Baxa 
with either BaxBH3 or BadBH3 had no effect on the immuno- 
reactivity of the radiolabeled protein with either the 6A7 or the 
TL41 antibodies (Fig. 6C, left panel), further supporting the 
notion that these peptides cannot activate Bax by themselves. 
As shown in Fig. 6C {right panel), radiolabeled Bax complexed 
to Bcl-xL could be immunoprecipitated by the 2D2 antibody. 
This observation is consistent with the ability of an antibody 
raised against the equivalent peptide sequence to immunoreact 
with Bcl-xL-bound murine Bax reported previously (38). In 
sharp contrast, neither the 6A7 nor the TL41 conformation- 
specific antibodies could immunoprecipitate Bcl-xL-boimd 
rVTR Baxa in native conditions (Fig. 6C), although they could 
do so in denaturing conditions (0.1% SDS, 0.1% Triton X-100, 
data not shown). Thus, the inability of these antibodies to 
immunoreact with Bax in non-denaturing conditions likely re- 
sults from the inaccessibility of the corresponding epitopes in 
the Bcl-xL-bound protein. Moreover, when Bcl-xL-Bax com- 
plexes were treated with either BaxBH3 or BadBH3, but not 
with the mutant peptide BaxBH3 L63A, Baxa was significantly 
immunoprecipitated by the 2D2, the 6A7, and the TL41 anti- 
bodies (Fig, 6C, right panel). Similarly, IVTR Baxa directly 
released from nickel-Sepharose-bound His-tagged Bcl-xL by 
wild type BH3 peptides (as in Fig. 6B) also immunoreacted 
with all three antibodies (data not shown). Thus, both epitopes 
for the 6A7 antibody and the TL41 antibody become accessible 
when Bax molecules are specifically released from Bcl-xL by 
BH3 peptides. Taken altogether, these results indicate that, 
when it is directly activated by tBid, Bax becomes resistant to 
proteolysis, whereas its BH3 domain and a region in its N- 
terminal end (the 6A7 epitope) become exposed. Binding to 
Bcl-xL is sufficient to modify the sensitivity to proteolysis of 
Bax, but the release of Bax from Bcl-xL, induced by BH3 
peptides, is necessary to produce an active Bax, as probed by 
the accessibility of the resulting protein to conformation-spe- 
cific antibodies, 

DISCUSSION 

The underlying mechanism by which BH3-only proteins re- 
cruit Bax and Bak to induce apoptosis is a key to the way 



mitochondria integrate multiple stimuli into one single apo- 
ptotic pathway. In many healthy cells, Bax and Bak appear to 
be expressed in an inactive conformation, unable to self-asso- 
ciate. Thus, to exert their apoptotic function, these proteins 
need to undergo conformational changes. Emerging evidence 
indicates that some BH3-only proteins, such as Bid, can func- 
tion as death agonists that activate directly Bax and Bak. It is 
formally possible that certain domains in those death agonists, 
distinct fi-om the BH3 one, could contribute to their ability to 
promote the pro-apoptotic changes in Bax or Bak. However, the 
ability of these proteins to activate Bax/Bak seems to rely in 
great part on some specific information contained in their BH3 
domain. Indeed, short synthetic peptides encompassing certain 
BH3 domains are sufficient to trigger Bax/Bak activation (22). 

In this study, we used a synthetic peptide representing the 
BH3 domain of Bax (BaxBH3), which composes the minimal 
sequence required to antagonize an ti -apoptotic family mem- 
bers. We report here that BaxBH3 has no significant effect on 
either the apoptotic activity, the mitochondrial targeting, 
and/or the conformation of Baxa (Figs. 1 and 2). We foimd that 
another synthetic peptide representing the minimal BH3 do- 
main of Bad is also unable to stimulate Bax activity (Fig. 5B). 
Thus, BH3 peptides that contain sufficient information to oc- 
cupy the surface pocket of the anti-apoptotic Bel -2 family mem- 
bers do not all necessarily support direct activation of Bax/Bak. 
Consistent with this, BH3 peptides derived from Bad, Bik, or 
Noxa were shown to lack the ability to activate Bax/Bak (22), 
whereas small molecule non-peptidic ligands of Bcl-xL are re- 
portedly unable to induce Bax insertion into mitochondrial 
membranes (6), These observations show that another subset 
of BH3 domains exists, which can function as survival antag- 
onists but not as death agonists for Bax/Bak. 

The lack of effect of BaxBH3 on Baxa activity sharply con- 
trasts with the ability of BaxBH3 to promote the apoptotic 
function of BaxAART, an N-terminal deletion of Bax that dis- 
plays an enhanced ability to homodimerize and to induce apo- 
ptosis (Fig. 3). The fact that the activity of BaxAART can be 
further enhanced by BaxBH3 indicates that BaxBH3 can func- 
tionally cooperate with Bax, so long as Bax is provided with a 
sufficient trigger to lower its threshold of activation. Because 
BaxBH3 prevents BaxAART binding to Bcl-xL (Fig, 6A), 
BaxBH3 is likely to enhance the apoptotic activity of BaxAART 
by preventing the inhibitory association of this activated form 
of Bax with endogenous Bcl-xL and possibly Bcl-2. One inter- 
esting implication from this is that death agonists and survival 
antagonists (typified by our BH3 peptide) may activate cell 
death by mechanistically distinct, yet cooperative pathways. In 
agreement with this, we have observed that BH3 peptides can 
sensitize cells to apoptosis induction by microinjected tBid.^ 

Even though BaxBHS is unable to activate Bax directly, the 
fact remains that it induces apoptosis (Fig. 1; see also Refs. 39 
and 40). Our experiments therefore constitute proof of concept 
that the ability to function as a death ligand is not absolutely 
required for a BH3 domain to promote apoptosis. The observa- 
tion that the BH3-only protein BimL lacks the ability to acti- 



'■^ C. Moreau, P.-F. Cartron, A. Hunt, K. Meflah, D. R. Green, G. Evan, 
F. M. Vallette, and P. Juin, unpublished data. 



of the initial amount (8 fmol) of radiolabeled Bax. Data are means (±S.E.) of four independent experiments. Top panel, autoradiogram illustrating 
one representative experiment. 2 fmol of untreated radiolabeled Bax (25%) and 8 fmol of trypsin-treated radiolabeled Bax (tlOO%) were loaded 
where indicated. C, IVTR Baxa (4 fmol, left panel) or an equivalent amount of His-tagged Bcl-xL-bound IVTR Bax (prepared as described under 
"Materials and Methods," right panel) were incubated, as indicated, with either tBid (0.2 nM), BaxBH3 (200 nM), BaxBHS L63A (200 hm), BadBH3 
(200 nM), or left untreated prior to immunoprecipitation with the indicated antibodies, Immunoprecipitated •'*'^S- labeled proteins were analyzed and 
quantified as described under "Materials and Methods." Data are means (±S.E.) of three independent experiments. Insets, autoradiograms 
illustrating one representative experiment for each condition. 1 fmol of the initial, non-immunoprecipitated radiolabeled Bax (25%) was loaded in 
each gel for illustrative purposes. 
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vate Bax directly but retains the ability to interact with Bcl-xL 
and induce apoptosis is consistent with this view (41). As 
BaxBH3 specifically induces apoptosis by a mechanism requir- 
ing the presence of either Bax or Bak (24), these experiments 
also imply that the ability of this peptide to promote Bax/Bak- 
mediated apoptosis must involve some other intermediaries. 
One possibility is that survival antagonists such as BaxBH3 
promote the release from Bcl-xLyBcl-2 of some death agonists 
such as Bid (17). It should be noted, however, that a mutant of 
Bcl-xL that cannot interact with Bax or Bak but interacts with 
Bid is less efficient than wild type Bcl-xL in preventing Bax- 
mediated mitochondrial dysfunction (42). Thus anti-apoptotic 
Bcl-2 family members may act on Bax/Bak directly, and their 
functional antagonists may promote Bax/Bak activity by sup- 
pressing this interaction. We found that addition of Bcl-xL was 
sufficient to allow BaxBH3 to stimulate the ability of Bax to 
interact with mitochondria, to induce cytochrome c release 
(Fig. 4), and to induce apoptosis upon microinjection (Fig. 5A). 
Similarly, we found that BadBH3 had no impact on the apo- 
ptotic activity of microinjected Bax by itself but that it could 
stimulate it when combined with Bcl-xL (Fig. 5B). Thus, induc- 
tion of Bax-mediated apoptosis by a BH3 domain does not 
necessarily involve any other partner than Bcl-xL itself This 
strongly favors a model in which survival antagonists promote 
apoptosis by inducing the release of Bax/Bak from het- 
erodimers they engage with Bcl-xL/Bcl-2. 

Most of the arguments against the aforementioned model 
arise from the observation that Bax/Bak and their anti-apo- 
ptotic counterparts exhibit only modest interaction in some cell 
types unless apoptosis is triggered (38, 43). We confirm that 
Bax binds to Bcl-xL with greater efficacy in its active confor- 
mation; its association to Bcl-xL is indeed stabilized by the 
addition of tBid or by a deletion in its N- terminal regulating 
domain (Fig. 6). However, we have also observed that, despite 
its inability to self-associate, Baxa can bind to Bcl-xL (Fig. 6). 
This observation is consistent with whole cells studies in which 
Bax fused to a fluorescent protein, although inefficient at in- 
ducing apoptosis by itself, nonetheless exhibited significant 
interaction with Bcl-2 and Bcl-xL as assayed by fluorescence 
resonance energy transfer (6, 44). 

Baxa/Bcl-xL interactions were significantly inhibited by 
BaxBH3 (Fig. 4). Similarly, in vivo interactions between Bax 
and Bcl-xL were disrupted by small molecule ligands of the 
BH3-binding pocket of Bcl-xL (6). Thus, binding of the BH3 
domain of Bax within the hydrophobic pocket of Bcl-xL is likely 
to be essential for the formation of a stable heterodimer. Res- 
idues within the BH3 domain of Bax that are critical for dimer 
formation are oriented toward the hydrophobic core of wild 
type Bax (46). Thus, major conformational modifications in Bax 
should accompany its BH3-dependent binding to Bcl-xL. Our 
observation that, upon its binding to Bcl-xL, Bax acquires 
resistance to mild proteolysis is consistent with this idea (Fig. 
6). It is striking to note that protease resistance is a property 
that Bax also displays when it is activated by apoptotic cytosols 
(28), tBid (this study), or by site-directed mutagenesis (25). 
Thus, although the very nature of the protease-resistant, Bcl- 
xL-bound form of Bax requires further characterization, it is 
tempting to speculate that it may be close, on some aspects, to 
that of an active Bax. Microinjection experiments nevertheless 
suggest that, as long as it is bound to Bcl-xL, Bax does not exert 
its apoptotic activity (Fig. 5). Our immunoprecipitation exper- 
iments using conformation-specific antibodies further confirms 
this by showing that Bcl-xL-bound Bax does not fulfill all the 
criteria of an active Bax (Fig. 6). Indeed, tBid-activated Bax, 
but not native or Bcl-xL-bound Bax, cam immunoreact with the 
well documented conformation-specific 6A7 antibody and with 
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a polyclonal antibody raised against the minimal Bax BH3 
domain (TL41). It was initially proposed that the epitope for 
the 6A7 antibody might be in the vicinity of the BH3 dimeriza- 
tion domain of Bax (38). Our observation that exposure of the 
6A7 epitope occurs concomitantly with the exposure of an 
epitope within the BH3 domain of Bax is certainly consistent 
with this view. It also indicates that the BH3 domain of Bax is 
hidden within the native protein but is exposed when Bax is 
active. Dimerization of Bax with Bcl-xL may prevent both the 
6A7 and the TL41 epitopes from being exposed, or alterna- 
tively, it may mask these epitopes on Bax (38). When specifi- 
cally released from Bcl-xL by BH3 peptides, however, Bax 
recapitulates the features of tBid-activated Bax, as it becomes 
accessible to both conformation-specific antibodies and retains 
its resistance to mild proteolysis. This is most consistent with 
a model in which Bcl-xL binds to inactive Bax, modifies it, and 
then releases active Bax in response to a BH3 peptide. One 
provocative implication from this is that Bcl-xL should cooper- 
ate with hgands of its BH3 domain-binding pocket to induce 
Bax-mediated apoptosis, which may explain why cells overex- 
pressing Bcl-xL are more sensitive to induction of apoptosis by 
a BH3 mimetic (47). 

In summary, we have analyzed in this study the apoptotic 
function of a synthetic BH3 peptide comprising sufficient in- 
formation to antagonize functionally anti-apoptotic Bcl-2 fam- 
ily members, and we found that it does not function as a death 
agonist of Bax. This BH3 peptide can nonetheless promote 
Bax-dependent apoptosis by interfering with the ability of Bax 
to interact with, and be suppressed by, Bcl-xL. There is a 
growing list of small molecules that have been selected for their 
ability to occupy the BH3-binding pocket of anti-apoptotic Bcl-2 
family members and that act as true BH3 mimetics (6, 45, 47). 
Our results indicate that such molecules may efficiently induce 
apoptosis in cells expressing high levels of the anti-apoptotic 
Bcl-2 family members by triggering the release of active mul- 
tidomain pro-apoptotic proteins from these survival proteins. 
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